HIGH FREQUENCY GAS DISCHARGE BREAKDOWN IN HYDROGEN I. The Boltzmann Equation
The phase space continuity equation for electrons is (1)(2) C = T+v · Vf+ a v f (1) where f is the electron energy distribution function; C is the net rate at which electrons appear in an element in phase space and is calculated in terms of f by determining energy changes due to collision; v is the velocity, a the acceleration, t the time, and V the gradient operator in velocity space. The spherically symmetric term f is predominant because collisions tend to disorder any directional motion of the electrons. The series is rapidly convergent and we shall consider only those cases where the first two terms represent a good approximation to the distribution function. The limits of theory discussed in the previous paper indicate those values of the experimental parameters for which this approximation is valid.
The term C arising from collisions may also be expanded in spherical harmonics, since it may be represented in terms of integrals over the distribution function. The rms value of the electric field is given by E, and an energy variable u = mv 2 /2e is introduced; m is the mass and e the charge of an electron.
On substitution of these terms and separation of vector and scalar parts, Eq. 
Elastic collisions are accounted for in the manner of Morse, Allis and Lamar (3) who considered collisions as instantaneous processes and found equivalent energy loss terms by conserving momentum and energy and averaging over space at each collision.
It is shown in Reference 3 that these terms are Each term in the distribution function may be expanded in a Fourier series in time f = fO + fl eJt + ...
n n n where X is the radian frequency of the applied electric field. The electric field is represented by 1'Eejwt and in the expansion of Ef n , we must replace the exponential notation by its real part before taking the product, so that 
n n n Combining the results of Eqs. (5), (6) , and (8) with Eqs. (3) and (4) and equating terms in like exponents of t, we have The f term represents the first harmonic of the spherically symmetric part of the distribution function and cannot be generated physically unless there is either a d-c field or the amplitude of oscillation of the electric field is sufficient to sweep out electrons from the container each half cycle.
Equations (10) and (11) where A is the characteristic diffusion length, depending only on the geometry of the discharge container (4). Thus
where we take only the real part in the last of these terms, as f is real.
II. Collision Cross Section
In Eq. (12), we must now specify , h x and h i . As was the case in helium, the collision frequency for elastic collisions in hydrogen is constant in energy (5)(1) to a very good approximation. Using Brode's data, we obtain the value of vc = 5.93 109p(sec -1) (p in mm of Hg).
The excitation and ionization efficiencies for hydrogen have been measured by Ramien (6) . A linear approximation to his data gives hx + h = hlx(u -ux) = 9.0 x 10 3 (u-8.9), u > 8.9 volts
The fact that some energy goes into excitation below the dissociation level is explained by Ramien on the basis of wave mechanics.
The ionization efficiency h i is approximated by
These efficiencies are to be substituted in Eq. (12) from which the distribution function is determined. Below the lowest excitation level, the term in hx + hi is zero and the distribution function is similar to that found for helium (1) . Above this level, the differential equation for the distribution function is different and the solution must be matched in magnitude and slope to the previously determined one.
III. The Distribution Functions
We let 
For convenience, we introduce a dimensionless independent variable w = +--uf= bu Equation (13) becomes 
where wp is w corresponding to u = 9. 5 volts, and M' denotes differentiation with respect to w.
IV. The Breakdown Condition
We next compute the ionization rate nv by the use of formula 16 of Reference 1 
Evaluation of this integral gives The theory of breakdown derived in this paper is not restricted to microwave frequencies but applies to any high frequency discharge in which electrons are produced by field ionization and lost by diffusion to the walls of the container. Theoretical electric fields have been computed for electric field wavelengths of 6000 cm and 2730 cm. In Fig. 3 , these are compared with the experimental data obtained by Githens in 1940 (11) . Figure 4 presents ionization coefficients experimentally obtained by Githens (11) and Thompson (12) , as well as the experimental data of this paper.
VI. Discussion
Breakdown electric fields at high frequencies have been derived theoretically on the basis of kinetic theory, the only experimental data used being collision cross sections.
The elastic collision cross section for hydrogen used in this theory is probably correct within 10 percent. Calculations of the theory indicated that this will not introduce more than 2 or 3 percent error in electric fields. The excitation and ionization efficiencies are very difficult to measure and the experimental error in the best measurements in hydrogen may be as high as 20 percent. These introduce an error of approximately 14 percent in the theoretical electric fields. These effects combine to give a possible error of 16 percent in theoretical fields and indicate a need for more precise collision cross section measurements. The maximum error in the experimental electric fields in the 10-cm wavelength region is 5 percent and in pressure is 1 percent. The derivation of the equation for the distribution function implicitly assumed that each electron dropped back to zero energy after an inelastic collision. Since excitation takes place over a certain range of energy, this is not exactly correct, but the error which it introduces is small. Equation (29), calculated from kinetic theory and using no gas discharge data other than collision cross section measurements and involving no adjustable constants, predicts breakdown electric fields well within the limits of accuracy over a large range of pressure, container size and frequency.
